The age of tissues and cells can be accurately estimated by DNA methylation analysis. The multitissue DNA methylation (DNAm) age predictor combines the DNAm levels of 353 CpG dinucleotides to arrive at an age estimate referred to as DNAm age. Recent studies based on short-term observations showed that the DNAm age of reconstituted blood following allogeneic hematopoietic stem cell transplantation (HSCT) reflects the age of the donor. However, it is not known whether the DNAm age of donor blood remains independent of the recipient's age over the long term. Importantly, long-term studies including child recipients have the potential to clearly reveal whether DNAm age is cell-intrinsic or whether it is modulated by extracellular cues in vivo. Here, we address this question by analyzing blood methylation data from HSCT donor and recipient pairs who greatly differed in chronological age (age differences between 1 and 49 years). We found that the DNAm age of the reconstituted blood was not influenced by the recipient's age, even 17 years after HSCT, in individuals without relapse of their hematologic disorder. However, the DNAm age of recipients with relapse of leukemia was unstable. These data are consistent with our previous findings concerning the abnormal DNAm age of cancer cells, and it can *Joint first authorship.
potentially be exploited to monitor the health of HSCT recipients. Our data demonstrate that transplanted human hematopoietic stem cells have an intrinsic DNAm age that is unaffected by the environment in a recipient of a different age.
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| INTRODUCTION
Several publications describe DNA methylation (DNAm)-based biomarkers of aging which can be used to estimate the age of a tissue (Hannum et al., 2013; Horvath, 2013; Spolnicka et al., 2016; Weidner & Wagner, 2014) . For example, the multitissue age estimator utilizes the weighted average of 353 CpG sites to arrive at an age estimate that is referred to as DNAm age (Horvath, 2013) . Ageadjusted measures of DNAm age are predictive of life span (Chen et al., 2016; Marioni et al., 2015) and relate to a host of conditions, including obesity (Horvath et al., 2014) , HIV infection , Down syndrome , Parkinson's disease (Horvath & Ritz, 2015) , Werner syndrome (Maierhofer et al., 2017) , and menopause (Carroll et al., 2017) . Lifestyle factors have only a weak effect on the DNAm age of blood (Quach et al., 2017) , suggesting that DNAm age largely reflects cell-intrinsic properties. It
is not yet known to what extent secreted factors (e.g., hormones, cytokines, growth factors, and metabolites) from other organs affect the DNAm age of blood, or whether DNAm age is a cell-intrinsic feature.
To address this question, we analyzed blood samples from allogeneic hematopoietic stem cell transplantation (HSCT) recipients.
Allogeneic HSCT is an effective treatment for leukemia (Thomas et al., 1979; Thomas, Lochte, Lu, & Ferrebee, 1957) . In HSCT, the patient's original hematopoietic stem cells (HSCs) are eradicated (using ablative chemotherapy and/or radiotherapy) and subsequently replaced by healthy HSCs from a donor (obtained via bone marrow (BM) aspiration or granulocyte-colony-stimulating factor (G-CSF)-stimulated leukapheresis; Dreger et al., 1993; Russell, Hunter, Rogers, Hanley, & Anderson, 1993) . If the treatment is successful, the donor cells will engraft in the recipient's BM and go on to reconstitute the entire hematopoietic system, including white blood cells, red blood cells, and platelets. After transplantation, the donor cells will thus be exposed to the environment of the recipient for many years.
Experiments involving heterochronic parabiosis or the transfer of factors from human cord blood to old mice have demonstrated that factors present in the younger blood might rejuvenate older tissues (Castellano et al., 2017; Conboy, Conboy, & Rando, 2013; Eggel & Wyss-Coray, 2014) . On the other hand, recently published work suggests that the DNAm age of transplanted blood cells is maintained at the donor's age, at least under short-term observations (Spolnicka et al., 2016; Stölzel et al., 2017; Weidner et al., 2015) . However, it is not yet known if the DNAm age of the donor cells is affected by the recipient's age after prolonged exposure to the recipient's signaling environment. The aforementioned DNAm studies have limitations regarding their feasibility for identifying a potential rejuvenating effect on donor cells after long-term exposure to a younger environment. Therefore, in an ethically acceptable human in vivo setting, the key question regarding age rejuvenation has still not been adequately addressed. The previous studies have one or more of the following unexamined issues. First, most of the donorrecipient pairs were of roughly the same age or the donor was younger than the recipient. Second, HSC donors were mostly younger than the recipients as opposed to the other way around.
Third, Spolnicka et al. (2016) and Weidner et al. (2015) used blood cell-specific DNAm age estimators, but not the multitissue DNAm age estimator. Fourth, children or adolescents were not included in any of these studies. Finally, these studies had a short follow-up time, with a mean of 126 days, 1 year, and up to 8.8 years (Spolnicka et al., 2016; Stölzel et al., 2017; Weidner et al., 2015) . The study by Stölzel et al. involved recipients who were followed up for more than 12 months; however, the age difference between donor and recipient was not reported. This is an important aspect, as factors in the plasma of human cord blood were reported to have a rejuvenating effect in a human-animal study (Castellano et al., 2017 ).
The present study was designed to test two competing hypotheses: (a) DNAm age of hematopoietic cells is a cell-intrinsic property that is not influenced by factors in the stem cell niche and non-hematopoietic tissues in the human body, and (b) DNAm age of hematopoietic cells is determined through interactions with the stem cell niche and other cell types in the human body. To this end, we overcame the key limitations of previous studies by (a) analyzing several donor-recipient pairs with a substantial age difference (1-49 years), (b) including young children, and (c) including long followup times.
Here, we report that, despite a substantial age difference between donor and recipient, the DNAm age of transplanted donor blood reflects the age of the donor, even after many years of exposure to the recipient's body. This observation was consistent for both adult and child recipients. Our data demonstrate that the DNAm age of transplanted blood cells is cell-intrinsic in the human body.
| RESULTS

| Study population
In total, 31 HSC recipients aged 18-74 years were included in the study. Their blood was collected between 1 month and 17 years after HSCT (Figures 1 and 2 ). The recipients were 2-74 years old at the time of transplantation, and the HSC donors (n = 31) were 21-58 years old at the time of donation. Acute myeloid leukemia (AML) was the most common indication for HSCT (n = 26), but three recipients had other hematological cancers and two had other indications (Table 1) .
Recipients were included in the study after giving written informed consent, and blood samples were obtained for determination of DNAm age and donor chimerism. Ten recipients contributed two blood samples each, whereas the remaining 21 recipients contributed one blood sample (Table 1; Figure 2 ). For the first blood sample of the twice-sampled recipients, donor chimerism was above 94% in all but one of the recipients (88%). For the second blood sample, six recipients had donor chimerism >97%, whereas four recipients showed low chimerism scores (as low as 24%, 12%, 12%, and 7%), indicating repopulation of the recipient's leukemic cells (Table 1) . Therefore, the four samples with low chimerism were excluded from further analysis. In addition, a statistically extreme outlier sample (Sample ID 806 in Table 1 ; Supporting Information Figure S1a ,b) with a DNAm age of 111 years and donor chimerism of 97% was identified. This was from a patient with relapse of leukemia, several viral infections, and acute GVHD grade 3 who died shortly after the sample was obtained. We excluded this sample from the presented statistical analysis, but included it where it was relevant as well as in the discussion because we cannot exclude that it may represent a clinically meaningful rare case. After the abovelisted exclusions, a total of 36 blood samples from 30 recipients were subjected to further analysis. F I G U R E 1 Schematic explanation of the study design. Blood was collected from recipients between 1 month and 17 years after HSC transplantation (HSCT). Donor chimerism and DNAm age were measured. Donor-recipient pairs with a large age difference (1-49 years) were included F I G U R E 2 Study flow chart with exclusions. Ten recipients were sampled twice, and ten others were sampled once. Five recipients were excluded because of low donor chimerism. * Three recipients had hematological cancer, while two had other indications. **In addition, one sample that was a statistical outlier (1.5 times the interquartile range above the third quartile) with a DNAm age of 111 years (donor chimerism was 97%) was excluded from the analyses. The rationale for this exclusion is supported by the fact that the recipient died due to relapse of leukemia within 1 month of blood sampling, implying the presence of an unrecognized health problem at the time of blood collection
| Differences in DNAm age
The mean absolute difference between the DNAm age of the recipients' blood (1 month to 17 years after transplantation) and the SØRAAS ET AL. Notes. "Relapsed" indicate whether the recipient relapse was detected at the latest time point when the patient contacted the hospital.
BM, bone marrow; NA: Data not available; PB, peripheral blood.
a Ages are at the time blood was drawn for our study, 1 month to 17 years after HSCT. b Sample excluded from statistical analyses as an outlier or due to low donor chimerism (<80%).
SØRAAS ET AL.
| 5 of 11 chronological age of the recipient was 27 years (Figure 3) . In comparison, the mean absolute difference between the DNAm age of the recipients' blood and the chronological age of the donor was 7.2 years, which is significantly less than the preceding value (paired t test and Wilcoxon test, p < 0.0001; Figure 3 ). This initial comparison suggests that the DNAm age of the recipients' blood more closely reflects the chronological age of the donor than the chronological age of the recipient.
To assess how DNAm age relates to the chronological age of recipient and donor, we carried out a correlation analysis. Pearson correlations were calculated and showed that the DNAm age of the recipients' blood post-transplantation did not correlate with the chronological age of the recipients (R = −0.14, p = 0.43, 36 samples from 30 recipients; Figure 4a ). Instead, the DNAm age of the recipi- The mean absolute difference between the DNAm age of the relapse samples (n = 12) and the donor age was 10 years, which was not significantly higher than that of the non-relapse samples (n = 24) at 5.8 years (t test, p = 0.04 and Mann-Whitney U (MW-U) test, p = 0.12; Figure 5a ).
When we restricted the analysis to the 24 recipients who did not relapse, we found that samples obtained within a year of HSCT exhibited a statistically significant rejuvenation of DNAm age (4.7 years, t test: p = 0.003, Wilcoxon test: p < 0.004; Figure 5b ). In the five participants with >1 year (4-17 years) of follow-up, donors
were also included in the study and contributed blood samples. The DNAm age of the donors' blood was strongly correlated to both donor age (R = 0.84, p = 0.08) and the DNAm age of the recipients' blood (R = 0.76, p = 0.14; Figure 6a ,b).
In theory, the HSC harvesting method might have influenced the DNAm age in the 24 recipients without relapse. In 20 cases, HSCs were harvested from peripheral blood (PB in Table 1 ) of G-CSF-treated donors. In the other four cases, HSCs were obtained directly from bone marrow ("BM" in Table 1 ). The type of age gap (i.e., positive or negative) between the donors' age (DNAm age or chronological age) and the recipients' DNAm age was different between the two methods ( Figure 7a ). On average, the difference was −5.0 years (standard error (SE) = 1.3) for the G-CSF method and +3.3 years (SE = 1.0) for the BM method ( Figure 7b ). This difference is statistically significant; however, this was an unplanned analysis from which we cannot draw strong conclusions (t test, p = 0.01; and MW-U test, p = 0.01).
| DISCUSSION
The present study shows that the DNAm age of donor blood is not influenced by the environment of the recipient's body, whether younger or older, and that the DNAm age continues to increase after transfer to the recipient's body as if the donor cells were still in the donor's body. This trait persisted even 17 years after the transfer to recipients who were 1 and 3 years old at the time of
HSCT. This suggests that the DNAm age of human hematopoietic cells is not affected by BM niche cells or other factors in the recipient's body. We can therefore conclude that epigenetic age is a cellintrinsic property in transplanted human hematopoietic cells.
Our observation is consistent with previous studies examining other types of age-dependent DNAm levels in hematopoietic cells (Spolnicka et al., 2016; Weidner et al., 2015) . In these previous studies, three (Weidner et al., 2015) or five (Spolnicka et al., 2016 ) CpG sites were analyzed after 4 months or 1 year after HSCT. Stölzel et al. also used the same multitissue DNAm age estimator that we used in the present study, but they did not report the age difference between donors and recipients and only analyzed blood samples collected within 8 years after HSCT (Stölzel et al., 2017) . In contrast,
we analyzed blood samples collected up to 17 years after HSCT from recipients who had much older or younger donors. Through access to the Norwegian national records of child HSCT, we were able to identify five pairs of pediatric patients (children and adolescents) and adult donors who were willing to participate in this study.
These patients received HSCT between 4 and 17 years before their F I G U R E 3 The DNAm age of the recipients' blood resembles the chronological age of the donors more closely than the recipients. The mean absolute difference between the DNAm age of the recipients' blood and chronological age of the recipients was 26 years, whereas the difference between the DNAm age of the recipients' blood and the age of the donor was 7.2 years. This difference between these averages is statistically significant (t-test: p < 0.0001, n = 36). Error bars show 95% confidence interval of the mean blood samples were collected for this study. The contributions from these five pairs allowed us to compare the DNAm age of blood from both donors and recipients. Our study adds to an increasing body of literature demonstrating that the DNAm age of hematopoi- In the 24 samples from non-relapsing recipients, the age difference between donor and recipient correlated strongly with the difference between the DNAm age of the recipients' blood and the recipients' chronological age (R = 0.98, p < 0.0001, n = 24). The correlation was indifferent to the size or direction of the age difference between recipient and donor. For example, DNAm age was much higher than the recipients' ages if they received HSCs from donors much older than themselves (upper left quadrant) myeloablative conditioning regimens. Since these regimens will alter the physiology of the BM niche, we cannot exclude the possibility that these treatments influenced the progression of the DNAm age of the blood cells transplanted into the recipients (Hooper et al., 2009) . It is also important to state as a possibility that the transplanted HSCs influenced the DNAm age of the recipient cells. Further studies are needed to examine these important remaining questions.
We monitored time-dependent changes of the DNAm age of blood after HSCT (Table 1; Figure 5 ). In some cases, especially in recipients who experienced relapse of leukemia, the DNAm age of the blood was unstable, probably due to the gradual repopulation by leukemia cells. For example, DNAm age was abnormally accelerated or rejuvenated in blood with low chimerism percentage scores; that is, the recipient's cancer cells repopulated in these patients (Table 1; e.g., Sample ID 926, 950, 1021, and 1176) . In contrast, the DNAm age of transplanted blood was maintained and aged normally for up to 17 years in the recipients who remained in remission (Table 1; e.g., Sample ID 1-5; Figure 3 ). These results support those of other studies demonstrating that epigenetic age acceleration in blood is predictive of cancer (Ambatipudi et al., 2017; Dugué et al., 2018; Horvath, 2013; Levine et al., 2015) . In our study, there was an outlier with high donor chimerism (97%) that showed an accelerated DNAm age of 111 years in a 69-year-old recipient with HSCs obtained from a 25-year-old donor. Although this was a rare case (1 outlier in 37 samples), it suggests that the mechanisms affecting DNAm age in the transplantation setting may not be the same in all donor/recipient settings. The outlier might also be an extreme
Comparison of the differences between the DNAm age of the recipient blood and donor's age among groups with different patient outcomes. (a) The bar graphs show the absolute difference between the donor's chronological age and the DNAm age of the recipient's blood in the "relapse" and "no relapse" groups. The difference is smaller in the "no relapse" patient group. Detailed patient information is listed in Table 1 . (b) DNAm age rejuvenation was observed within 1 year of HSCT. The average donor age and the recipients' blood DNAm age are shown in three different groups: relapse, no relapse (0-1 years), and no relapse (4-17 years). There was a statistically significant rejuvenation of DNAm age (4.7 years p < 0.003) in the "no relapse" (0-1 year) group in comparison with the donors' chronological age. Detailed patient information is listed in Table 1 F I G U R E 6 The DNAm age of the recipients' blood cells correlates with the DNAm age of the donors' blood cells in the five donor-recipient pairs with donors' blood available. In five HSCT donor-recipient pairs, blood from both the donor and the recipient was available. Blood from these pairs was obtained between 4 and 17 years after HSCT to treat childhood leukemia (n = 3) or other hematological disorders (n = 2). In these pairs, the DNAm age of the recipients' blood correlated with the chronological age of the donors (a) (R = 0.76, p = 0.14, n = 5) as well as with the DNAm age of the donors' blood (b) (R = 0.84, p = 0.076, n = 5) obtained at the same time example of the observed drift in DNAm age that was seen to affect other patients experiencing relapse of leukemia. Inclusion of this sample in the analyses did not change any conclusions in this study except for the correlation between donor age and DNAm age of recipients with relapse, which switched from being statistically significant to non-significant (R = 0.22, p = 0.47). Our limited data set does not allow us to conclude whether DNAm age can be used as a predictive biomarker for leukemia relapse or other health problems following HSCT; however, our data encourage further work to follow up on this. Future prospective large-scale studies with detailed outcome data are warranted to determine whether DNAm age analysis is useful for prediction of leukemia relapse after HSCT.
We observed a rejuvenation of DNAm age in the blood of the "no relapse" recipients within 1 year after HSCT ( Figure 5 ), which is consistent with the study by Stölzel et al. (2017) . Stölzel et al. also reported that accelerated epigenetic aging was observed more than 6 months after HSCT (2.4 years per chronological year up to 8 years after HSCT; Stölzel et al., 2017) . However, we did not observe a significant DNAm age acceleration (or rejuvenation) in our long-term follow-up analysis ( Figure 5 ). This difference between the two studies may be due to the different treatment strategies (e.g., selection of chemotherapies) or reflect technical differences (e.g., DNA storage conditions, bisulfite conversion, or different DNAm normalization methods).
Our study advances understanding of the mechanism of the epi- shown to selectively mobilize dormant HSCs to the bloodstream in mice (Bernitz, Daniel, Fstkchyan, & Moore, 2017; Panch, Szymanski, Savani, & Stroncek, 2017) . In our study, these processes could potentially have influenced the DNAm age of the transplanted HSCs or their progeny either directly or through selection by mobilization, and thus selected HSCs with a lower DNAm age. In the BM aspiration cases, G-CSF was not applied and these processes would not have been active, explaining the lack of rejuvenation here. Further investigation with a larger sample size is necessary to draw a robust conclusion about the effects of G-CSF.
In summary, the present study suggests that the DNAm age of (The donor's age was given as DNAm age for the five cases shown in Figure 6 , and as chronological age for the 19 cases in Table 1 
| DNAm analysis and epigenetic clock analysis
All DNAm analyses were performed with the Illumina Infinium 450 K platform in the core facility at UCLA as previously reported . Genomic DNA extraction and STR PCR were performed as reported (Thiede et al., 1999) . CpG methylation analysis was performed using Illumina BeadChip arrays (Illumina, San Diego, USA). DNAm age was estimated using the published algorithm with Noob normalization (Horvath, 2013) .
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